Low-ionization structures in planetary nebulae: 
confronting models with observations 
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ABSTRACT 

Around 50 planetary nebulae (PNe) are presently known to pos- 
sess "small-scale" low-ionization structures (LISs) located inside or out- 
side their main nebular bodies. We consider here the different kinds 
of LISs (jets, jet-like systems, symmetrical and non-symmetrical knots) 
and present a detailed comparison of the existing model predictions with 
the observational morphological and kinematical properties. 

We find that nebulae with LISs appear indistinctly spread among all 
morphological classes of PNe, indicating that the processes leading to 
the formation of LISs are not necessarily related to those responsible for 
the asphericity of the large-scale morphological components of PNe. 
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We show that both the observed velocities and locations of most 
non-symmetrical systems of LISs can be reasonably well reproduced as- 
suming either fossil condensations originated in the AGB wind or in situ 
instabilities. 

The jet models proposed to date (hydrodynamical and magnetohy- 
drodynamical interacting winds or accretion-disk collimated winds) ap- 
pear unable to account simultaneously for several key characteristics 
of the observed high-velocity jets, such as their kinematical ages and 
the angle between the jet and the symmetry axes of the nebulae. The 
linear increase in velocity observed in several jets favors magnetohydro- 
dynamical confinement compared to pure hydrodynamical interacting 
wind models. 

On the other hand, we find that the formation of jet-like systems 
characterized by relatively low expansion velocities (similar to those of 
the main shells of PNe) cannot be explained by any of the existing 
models. 

Finally, the knots which appear in symmetrical and opposite pairs of 
low velocity could be understood as the survival of fossil (symmetrical) 
condensations formed during the AGB phase or as structures that have 
experienced substantial slowing down by the ambient medium. 

Subject headings: planetary nebulae - ISM: kinematics and dynamics - 
ISM: jets and outflows 
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1. Introduction 

The most accepted scenario for the forma- 
tion of a planetary nebula (PN) is that orig- 
inally proposed by Kwok, Purton & Fitzger- 
ald (1978), the so called interacting stellar 
wind (ISW) model. ISW models are success- 
ful at predicting the formation and proper- 
ties of the main morphological components 
of PNe (Kwok 1994; Mellema 1995), such as 
bright rims, attached shells and the haloes 
that characterize spherical and elliptical PNe. 
These main structures are better identified in 
the light of hydrogen and helium recombina- 
tion lines, as well as in the forbidden [O ill] 
lines. But, on usually smaller scales, there are 
also structures which are instead more promi- 
nent in low-ionization lines, such as [N n], 
[O n], [O i] and [S n]. They have often 
been grouped under the general denomination 
of "small-scale low-ionization structures" of 
PNe. These low-ionization structures (here- 
after we use the acronym LISsQ) have received 
more and more attention after the imaging 
catalogues of Balick (1987), Schwarz, Corradi 
& Melnick (1992), Manchado et al. (1996), 
Gorny et al. (1999) and the compilation by 
Corradi et al. (1996), the latter particularly 
devoted to low-ionization structures. 

Observationally, LISs appear with a vari- 
ety of morphologies: knots, tails, filaments, 
jets and jet-like structures of low ionization 
attached to, or detached from, the main shells 
of the nebulae. They are sometimes labeled 
with specific acronyms intending to describe 
some of their physical characteristics - for in- 
stance, FLIERs (fast, low-ionization emission 

1 The acronymous LIS is used here only for the sake of 
conciseness, with no intention of adding a new term 
to the already very rich nomenclature used for PNe 
(see Schwarz 2000). 



regions; Balick et al. 1993); or BRETs (bipo- 
lar, rotating, episodic jets; Lopez, Vazquez, 
& Rodriguez 1995). 

On the theoretical side, different models 
have been proposed to explain the origin of 
LISs. The main ones are: ISW models (Frank, 
Balick, & Livio 1996; Garcia-Segura et al. 
1999); jet formation and its interaction with 
the circumstellar medium (Cliffe et al. 1995; 
Redman & Dyson 1999), and the interaction 
of shells with the interstellar medium (Soker 
& Zucker 1997). In addition, other ingredi- 
ents - such as stellar magnetic fields, rotation, 
precession, a binary system in the center, and 
dynamical (Kelvin-Helmholtz and Rayleigh- 
Taylor) and/or radiation instabilities - are 
sometimes considered within these models in 
order to explain the observations. In spite of 
this theoretical effort, the nature of LISs in 
PNe is still poorly understood. 

In the following sections, we present a com- 
prehensive compilation of the observations of 
LISs in PNe (focusing on morphological and 
kinematical data) and discuss their different 
properties with the aim of confronting the 
various theoretical models proposed to ex- 
plain their formation. The motivation for 
this study is presented in Section 2. In Sec- 
tion 3, we present the PNe sample. Section 4 
is devoted to jet and jet-like LISs, Section 5 
to symmetrical knots, and Section 6 to non- 
symmetrical LISs. A final discussion on LISs 
showing multiple pairs of LIS is presented in 
Section 7, and the main conclusions are sum- 
marized in Section 8. 

2. Motivation 

Low-ionization small-scale structures po- 
tentially contain important information about 
the mass loss and radiative processes that lead 
to the formation and development of a plane- 
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tary nebula. Recently, we have obtained mor- 
phological and kinematical data for nine PNe 
(Corradi et al. 1997, 1999, 2000a, 2000b) with 
the aim of studying the physical properties, 
origin and evolution of the LISs therein con- 
tained. Results are both promising and puz- 
zling since we have found LISs with notably 
different properties relative to each other, in 
terms of expansion velocities, shapes, sizes 
and locations relative to the main nebular 
components. It appears that several physi- 
cal processes have to be considered in order 
to account for the formation and evolution of 
all the different LISs that we observed. 

In particular, the following basic questions 
are open. Are magnetic fields - either in sin- 
gle or binary stars - necessary for producing 
jets in PNe, as generally believed for young 
stellar objects and active galactic nuclei jets? 
Which processes, even in complex systems 
like interacting binary stars, can produce mul- 
tiple systems of highly collimated outflows ex- 
panding in directions almost perpendicular to 
each other as observed in some PNe? How do 
low-velocity collimated LISs form? Are sym- 
metric pairs of knots recent ejecta from the 
central stars, or fossil condensations tracing a 
peculiar mass-loss geometry during the AGB? 
Are non-symmetrical LISs formed by in situ 
instabilities? 

Taking advantage of our recent work and 
of the information which is spread through- 
out the literature, we carefully address these 
points in what follows. 

3. The sample of PNe with LISs 

3.1. Morphological/kinematical classi- 
fication for LISs 

In this paper, we adopt a working defini- 
tion of LISs as features especially prominent 



in low-ionization lines (the most commonly 
observed is [N n]), and which have a size, at 
least in one direction, much smaller than the 
main morphological components of the PNe, 
namely the main shells and haloes of ellip- 
tical PNe, or the lobes of bipolar PNe. In 
spite of this definition, it should be noted 
that, in some cases, LISs can form large 
structures which can extend to few parsecs, 
such as the string of knots which define the 
point-symmetrical collimated outflow of Fg 1 
(Palmer et al. 1996). 

Due to the variety of LISs found, some fur- 
ther definition of the terms used in the follow- 
ing is in order. Hereafter we refer to as knots 
all unresolved LISs, as well as all resolved 
small-scale low-ionization features with an as- 
pect ratio (maximum length to maximum 
width) close to 1. All features with an as- 
pect ratio much larger than one are instead 
called filaments. Knots and filaments appear 
with any orientation with respect to the cen- 
tral star, and not necessarily in pairs. 

Jets are a more restrict subclass of highly 
collimated filaments, which i) are directed in 
the radial direction from the central star, ii) 
appear in opposite symmetrical pairs and iii) 
move with velocities substantially larger than 
those of the ambient gas which form the main 
bodies of the nebulae. Finally, all features 
resembling jets, but for which no evidence 
exists that are expanding significantly more 
rapidly than the ambient gas (in many cases, 
because of lack of information and/or appro- 
priate modeling) are called jet-like structures. 
It is clear that projection effects, which are of- 
ten poorly known, play a fundamental role in 
distinguishing genuine jets from jet-like LISs. 

In our classification, ansae (Balick 1987) 
and FLIERs (Balick et al. 1993) are pairs 
of knots, whereas BRETs (Lopez et al. 1995) 
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are pairs of knots or jets, with a point-symme- 
trical distribution. 

With these definitions in mind, and aim- 
ing at a more comprehensive analysis of the 
properties of LISs than has been attempted in 
the past, we have added to our observational 
sample all the data that we were able to re- 
cover from the literature, building up a final 
sample of 50 PNe containing LISs. These are 
listed in Table 1, together with the designa- 
tions for the PNe and the morphology of the 
main nebular shell. The fourth column in Ta- 
ble 1 contains the classification of the LISs. 
The references from which the properties of 
the nebulae were taken are given in the last 
column of the Table. 

3.2. LISs frequency vs. PN morpho- 
logical type 

In the third column of Table 1, we give 
the morphological classification of the PNe 
following the scheme of Schwarz, Corradi & 
Stanghellini (1993), based on optical narrow- 
band images. Extended PNe are classified 
into four main classes: elliptical (E), bipolar 
(B), point-symmetric (P) and irregular (I). 

In our sample, we find 29 elliptical PNe 
(58%), seven bipolars (14%), nine point-sym- 
metries (18%) and three irregulars (6%). Two 
PNe (K 4-47 and IC 2149) were not clas- 
sified since they do not easily fit into any 
of the above classes. These figures can be 
compared with those for the global sample 
of PNe. Corradi & Schwarz (1995) classified 
359 PNe, finding 64% ellipticals, 14% bipo- 
lars, 4% point-symmetries, and 18% irregu- 
lars. Thus, LISs appear indistinctly in ellipti- 
cal and bipolar objects compared to the gen- 
eral sample of PNe, but seem to be more fre- 
quent in point-symmetrical objects. The lat- 
ter result, however, is probably related to the 



definition itself of this class of PNe, whose 
characteristic symmetry is generally defined 
by the presence of small-scale structures. Ir- 
regulars are much less frequent in our sam- 
ple than in the general one, probably because 
new observations allow a better classification 
of these objects. 

We therefore conclude that low-ionization 
structures are spread throughout the morpho- 
logical classes of PNe indistinctly. Such a re- 
sult would indicate that the formation of LISs 
is not necessarily connected with the pro- 
cesses responsible for the asphericity in PNe 
(whatever they are). 

4. Jets and jet-like LISs 

4.1. Theories for the formation of col- 
limated LISs 

To allow for a critical discussion of the 
most relevant observational properties of jets 
in PNe, a brief review of jet formation models 
is presented here. 

Interacting stellar wind (ISW) theories, 
in addition to explaining the formation of 
the main morphological components of PNe, 
can, under certain conditions, account for the 
formation of highly collimated LISs. The 
first ISW model for jet formation (Icke et 
al. 1992) was able to produce moderately 
collimated structures by inertial confinement 
starting from a torus-like density contrast in 
the mass distribution of the AGB wind. Sub- 
sequently, it became clear that the transition 
from the slow to the fast wind (the so called 
momentum-driven phase in the early evolu- 
tion of a PN) also plays an important role 
in the confinement (cf. Frank et al. 1996). 
Nowadays, ISW models consider in detail the 
evolution of the fast wind in velocity and mass 
loss (Dwarkadas & Balick 1998), resulting in 
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considerably more structure on smaller scales 
than in the models in which the fast wind 
velocity is assumed to be constant. In addi- 
tion to jet formation, the momentum-driven 
phase leads to instabilities (thin-shell Vish- 
niac instabilities and Kelvin-Helmholtz in- 
stabilities) which may be the origin of knots 
and filaments. Later in the evolution, during 
the energy-driven phase, other instabilities, 
such as Rayleigh-Taylor ones, can also ap- 
pear, modifying the structures formed in the 
previous phase (Breitschwerdt & Kahn 1990; 
Dwarkadas & Balick 1998; Garcia-Segura et 
al. 1999). The above ISW models, based 
on a single-star scenario for PN/jet forma- 
tion, consist of hydrodynamical (HD) simu- 
lations (Mellema & Frank 1997; Borkowski, 
Blondin, & Harrington 1997; in addition to 
the papers cited above) or consider the pres- 
ence of a magnetized stellar wind (MHD sim- 
ulations; Rozyczka & Franco 1996; Garcia- 
Segura 1997; Garcia-Segura et al. 1999). 

As commented previously, a key parameter 
for HD collimation is the equator-to-pole den- 
sity contrast of the AGB wind. Even if HD 
ISW models are able to account for the jet for- 
mation, the question of the source of that as- 
phericity in the AGB wind remains open; the 
most popular models consider that the central 
star is part of a binary system (Morris 1987; 
Mastrodemos & Morris 1999; see also Soker 
& Livio 1994 and Livio & Pringle 1997, for 
the formation of accretion-disks around the 
PN central star). In this way an accretion- 
disk and possibly also an "excretion" disk 
can be formed and later used for collimat- 
ing the jet, as well as for shaping the PNe. 
On the other hand, in the MHD ISW mod- 
els presently available, the non-spherical den- 
sity distribution in the AGB wind is the di- 
rect result of stellar rotation, which, together 



with the magnetic tension, produces aspheri- 
cal shells and highly collimated jets. 

The ISW simulations specifically predict 
certain important properties that can be com- 
pared with the observations. Firstly, the 
jets formed i) are two-sided highly collimated 
structures, ii) possess supersonic velocities 
much larger than those of the main shells, iii) 
are roughly coeval with the main shell, and iv) 
lie along the major symmetry axis of the PNe 
(unless precession of the center star is consid- 
ered, in which case point-symmetric jets are 
formed). Secondly, when a magnetic field is 
taken into account, the expansion velocity of 
the jets is expected to increase linearly out- 
wards (Garcia-Segura et al. 1999). Finally, 
depending on the kind of collimation mecha- 
nism assumed, the jets may appear only out- 
side the main shell (pure HD confinement) or 
also inside it (MHD collimation). 

As an alternative to the standard ISW 
theory, some models consider the possibility 
that high-velocity, highly collimated jets in 
PNe are directly produced by the accretion- 
disks, which result from the interaction be- 
tween the central star of a PN (or its pro- 
genitor) with a secondary. Most studies con- 
sider that the jet forms immediately after the 
common-envelope phase of a close binary sys- 
tem (Soker 1992, 1996; Soker & Livio 1994; 
Reyes- Ruiz & Lopez 1999). However, the 
evolution from the common-envelope phase 
up to the jet formation has not been investi- 
gated in detail. Mastrodemos & Morris (1998, 
1999) consider the formation of accretion- 
disks in long-period binaries, thereby avoid- 
ing the common-envelope phase. 

In a different context, it seems clear now 
that the formation of highly collimated, pow- 
erful jets, both in young stellar objects and 
in active galactic nuclei, requires two main 
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ingredients: an accretion-disk and a vertical 
magnetic field (Livio 1997, 2000). Very re- 
cently, Blackman et al. (2000) proposed an 
MHD model for the interplay of stellar and 
disk winds which constrains the stellar and 
disk rotation and the magnetic fields in or- 
der to account for multiple bipolar outflows, 
either bipolar lobes or highly collimated jets. 

In general, jets emerging from accretion- 
disks arise before^ the formation of the PN 
main shell. Typical velocities are several hun- 
dred kms -1 , whereas their orientation de- 
pends on the angle between stellar and disk 
rotational (and magnetic) axes, i.e., they are 
not necessarily aligned with the nebular sym- 
metry axis (Blackman et al. 2000). Depend- 
ing on the stage of evolution of the primary, 
these accretion- disk jets are expected to be 
found outside or inside the bright rims. 

Finally, precession of jets within 3D sim- 
ulations (Cliffe et al. 1995; Garcfa-Segura 
1997) is the natural way to account for the 
point-symmetry in PNe and in their LISs. 
Note that Cliffe et al. (1995) describe the 
interaction of a precessing jet with the cir- 
cumstellar medium, regardless of the jet for- 
mation mechanism. 

4.2. Observational properties of jets 

We present in Table 2 the list of the 12 
known low-ionization jets. In this table, col- 
umn 2 gives a (subjective) confidence index 
which reflects the quality of the available ob- 
servational data and spatio-kinematical mod- 
eling performed. Their approximate kinemat- 
ical ages (compared to that of the main neb- 

2 A few peculiar, iron-deficient post-AGB stars in 
close binaries show circumstellar disks fuelled by 
back-accretion during the post-AGB evolution (Van 
Winckel et al. 1999). In principle, such disks could 
produce jets after the formation of the PN main shell. 



ular shell), the angle between the jet and the 
nebular symmetry axis, and their location in- 
side or outside the bright shell of the PNe 
which is expected to define the fast vs. slow 
wind interaction region, are also given in Ta- 
ble 2. 

As already stated, a basic prediction of the 
ISW models, within the single-star scenario, 
is that the jets have to be roughly coeval with 
the main nebula. This is true for four objects 
in Table 2 (NGC 7009, NGC 6891, NGC 6884 
and NGC 3918). Three others (M 1-16, Fg 1 
and K 4-47) are older than the main nebu- 
lae and would be better understood within 
the accretion- disk models. But the remain- 
ing three objects for which this information is 
available have smaller kinematical ages than 
their PNe and cannot be accounted for by any 
of these models. 

In addition, it is clear that, at variance 
with the predictions of the ISW models, only 
two jets (over eight objects with adequate 
data) lie along the polar axis of the main neb- 
ula. When the jet-nebula axis angle is rela- 
tively small, either stellar or disk precession 
might explain the observed orientation of the 
jet. However, for very large angles (from 50° 
in NGC 6884 to the extreme "equatorial" jets 
of Hb 4 and possibly NGC 6210), the kind 
of extreme disk precession and wobbling de- 
scribed by Livio & Pringle (1997) would be 
needed, but that is expected to occur only 
during a very short phase of the disk evolution 
(see Cox et al. 2000 and Sahai et al. 2000, 
on the direct evidence for highly-collimated 
jets close to the equatorial plane in the proto- 
planetary nebulae CRL2688 and Frosty Leo, 
respectively). 

For all but one of the objects in Table 2 
for which detailed kinematical information is 
available (NGC 3918, He 2-186, K 4-47, Fg 1, 
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M 1-16, NGC 6543 and NGC 6891) the jets 
show a roughly linear increase in expansion 
velocity with distance in the radial direction, 
as if they consisted of material ejected by the 
central star with a range of velocities during 
a relatively short burst. Among the models 
discussed above, only the MHD ISW models 
( Garcia- Segura et al. 1999) predict this ve- 
locity behavior, favoring the latter ones com- 
pared to the pure HD models. The location 
outside the nebular rims of all the jets in Ta- 
ble 2, instead, does not help in distinguishing 
between the different models. 

In summary, it appears that the single-star 
HD and MHD ISW models are able to explain 
only some of the observed jets, the latter mod- 
els being favored by the observed roughly lin- 
ear increase of velocities with distance from 
the central stars. Three objects are instead 
better understood as accretion- disk jets, but 
still almost one half of the sample shows un- 
expected properties, in terms of ages or jet- 
nebulae axis angle. These objects are a real 
challenge to the ideas on jet formation and 
clearly deserve future theoretical and obser- 
vational studies. 

4.3. Jet-like features 

The list of jet-like LISs is presented in Ta- 
ble 3. For three objects, the available mor- 
phological and kinematical data do not allow 
us to disentangle projection effects and deter- 
mine the basic properties of the main nebulae 
and jets (orientation and deprojected expan- 
sion velocities), and we will not discuss these 
objects further. But for six PNe (IC 4593, 
He 2-429, NGC 6881, K 1-2, Wray 17-1, and 
likely NGC 6751), observations have shown 
that their jet-like LIS really expand with ve- 
locities similar, or at least not significantly 
larger, than those of the ambient gas that 



forms the large-scale shells of the nebulae. 
This is rather embarrassing, because all mod- 
els for the formation of highly collimated 
structures predict high-velocity systems^. In 
fact, in spite of the unexpectedly low veloc- 
ities, jet-like LISs present many similarities 
with real jets - - they are commonly two- 
sided highly collimated structures, radially or 
point-symmetrically distributed. 

It is interesting to ask if jet-like LIS also 
present an increasing velocity outwards, as 
the real jets do. There are only two cases 
where adequate information exist: K 1-2 and 
Wray 17-1 (Corradi et al. 1999). In the case 
of K 1-2, the velocity increases linearly as 
the collimated and knotty structure protrudes 
from the edge of the main nebular shell. From 
there, some acceleration is expected because 
of the lower density of the outer ambient ma- 
terial. Thus, the peculiar behavior of the 
LIS's velocity in the external regions could 
just be a consequence of the density stratifi- 
cation of the ambient gas, and not related to 
the LIS formation process itself. The jet-like 
LIS of Wray 17-1, on the other hand, displays 
low radial velocities through almost the entire 
structure except for its outermost tail. This 
suggests that the tail might not be physically 
related to the innermost parts of the LIS, but 
is instead most probably an ionization effect, 
i.e., a lower- ionization region shielded from 
energetic photons from the central star by the 
inner, higher-ionization patch. The large ve- 
locities found at the tail would just represent 
the general motions of the outer regions of the 
PN. 

The two cases above are complex and warn 
us of the danger of simplistic and general ex- 

3 Note that the "low-velocity jets" described in Soker 
(1992) are expected to disappear before the formation 
of the PN shell. 
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planations. The fact that the other jet-like 
LISs are all found outside the rims and have 
low velocities and high collimation is puzzling. 
None of their characteristics gives us clear in- 
dications about the processes that could col- 
limate these systems. Jet-like LISs are hardly 
understood at present. 

5. Pairs of knots 

5.1. Theories 

Jet formation models can also be applied 
to low-ionization knots which appear in pairs, 
because knots and filaments along the jets 
and at their tips can develop during the evo- 
lution of the jet itself, as a consequence of 
kink, Vishniac, Rayleigh-Taylor or Kelvin- 
Helmholtz instabilities (c.f. Garcia-Segura et 
al. 1999). One may ask why we do not see 
the whole jets in such systems. There are two 
obvious possibilities: the jet does not exist 
any longer, or has properties which make it 
difficult to observe. In fact, Soker (1990) pro- 
posed that jets formed by disks are the prime 
cause of pairs of knots, and showed that, un- 
der certain conditions, the jets can be seen 
only in the early stages of the PN evolution, 
but have cool heads which appear as more 
permanent features. In a different context, 
Garcia-Segura (1997) argued that a weak ra- 
diative cooling in the post-shock gas, imposed 
by the wind conditions, also results in the for- 
mation of pairs of knots instead of extended 
jets. 

A different model to explain the formation 
of symmetrical knots is that they arise in the 
concave section of bow-shocks - i.e. knots 
would develop in the stagnation zones of par- 
tially collimated stellar winds (as cool dense 
portions of gas accumulates in these regions) 
aligned with the symmetry axis and attached 



to the shell (Steffen & Lopez 1998, 2000). In 
this case high-velocity pairs of knots directed 
along the polar axis of the asymmetrical shell 
are expected. 

Finally, it is important to note that all 
high-velocity knots (FLIERs) imaged by the 
HST (Balick et al. 1998) do not show the 
outward-facing bow-shocks expected to de- 
velop due to the supersonic velocity of the 
knots, in apparent contradiction with all the 
above models. However, Soker & Reveg (1998) 
argue that bow-shocks are not expected when 
the density contrast between the knot and the 
ambient medium is moderate, because insta- 
bilities which occur at the knots' surface may 
considerably change their geometry, and form 
extreme outward-pointing tail structures in- 
stead of bow-shocks (see also Jones, Kang & 
Tregillis 1994). 

5.2. Observed properties 

PNe which present symmetrical pairs of 
low-ionization knots are listed in Table 4. 
Note that some objects are also in Table 2 or 
Table 3, because some PNe show more than 
one type of LIS (see fourth column of Table 
1). Hb 4, for instance, has a jet-like pair as 
well as a pair of knots (Corradi et al. 1996; 
Hajian et al. 1997; Lopez, Steffen & Meaburn 
1997). 

The third column of the Table 4 indicates 
whether the knots have peculiar velocities 
with respect to the ambient gas. Note that 
nine PNe in this table possess high-velocity 
knots, like the well studied FLIERs (Balick 
et al. 1998), but only five of them are clearly 
in the polar direction. These two proper- 
ties would indicate that the pairs of knots in 
NGC 7009, Hu 2-1, NGC 6905, NGC 6826 
and Kj Pn 8 could be either the leading front 
of unobserved jets or produced at the wind's 
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stagnation zones. 

Six PNe in Table 4 (IC 4593, He 1-1, 
NGC 2440, Wray 17-1, IC 2553 and NGC 5189) 
contain pairs of knots with velocities similar 
to those of the ambient gas, or even, in three 
well observed cases, the LISs have expansion 
velocities lower than that of the surround- 
ing nebula. Both the stagnation zone model 
and the jet models predict high expansion 
velocities, so they fail to explain these low- 
velocity knots, unless they have been com- 
pletely slowed down by interaction with the 
surrounding gasQ. Moreover, the high degree 
of symmetry of these low-velocity knots also 
excludes their formation via in situ instabil- 
ities. We are then tempted to suggest that 
they could represent symmetric knots origi- 
nating in the AGB wind, which survived till 
the present age. This would imply a peculiar 
geometry for the AGB wind. This is an in- 
teresting possibility for some objects (e.g. IC 
2553, Corradi et al. 2000b; and the others 
for which the low-velocity pairs are located 
outside the rims, i.e. sharing the outer shells 
expansion), but is unlikely to work for the 
highly peculiar structures found for instance 
in Wray 17-1 (cf. Corradi et al. 1999). 

Summarizing, the controversy over the pres- 
ence of well defined bow-shocks at the knots' 
surface is crucial in order to understand the 
formation of symmetrical, high-velocity pairs 
of knots. The low-velocity pairs of knots de- 
serve a different explanation (unless a signifi- 
cant slowing down is invoked), and we argue 
that in some objects these features might be 
fossil remnants of symmetrical condensation 

4 Severe slowing down is expected when the jet is not 
feeding the knot anymore, and it is mainly caused 
by the decrease of the knot's density, that follows its 
expansion once the knot becomes ionized (Soker & 
Reveg 1998). 



originating in the AGB wind. 

6. Non-symmetrical LISs 

Table 5 lists the known PNe associated 
with non-symmetrical LISs, i.e. both iso- 
lated knots and systems of non-symmetrical 
knots or filaments (the latter sometimes ra- 
dially aligned with the central star). Some 
of these PNe have well studied LISs, like the 
cometary knots of NGC 7293 (O'Dell & Burk- 
ert 1997; Meaburn et al. 1998) or the high- 
velocity knots of MyCn 18 (Bryce et al. 1997; 
O'Connor et al. 2000). 

The formation of most isolated/non-sym- 
metrical LISs can be understood by assum- 
ing different in situ dynamical and/or radia- 
tive instabilities and other processes that can 
create inhomogeneities in the mass outflow, 
such as condensations created during the pre- 
PN stage. The two types of processes - i) 
Rayleigh-Taylor, Kelvin-Hemholtz and Vish- 
niac instabilities (Dyson, Hartquist & Biro 
1993; Garcia-Segura & Franco 1996), and ii) 
fossil AGB condensations - would produce 
structures which do not show highly peculiar 
velocities as compared to those of the shells 
in which they are embedded. This might be 
the case for IC 4593, Hu 2-1, NGC 7662, 
NGC 5882 and NGC 6337. 

In addition, if resulting from dynamical in- 
stabilities during the fast vs. slow winds in- 
teractions, the structures will appear at the 
edges, or departing from, the bright rims 
of the PNe. Only three PNe in Table 5 
show this kind of LIS (NGC 7293, NGC 6326 
and NGC 6337), whereas most objects (14 
over 17) appear well outside the rims, of- 
ten associated with the outer shells (IC 4593, 
NGC 7662, NGC 2392, NGC 3242, NGC 5882, 
and probably NGC 6818, NGC 7354 and 
IC 4637). It is nowadays believed (Marten 



10 



& Schonberner 1991; Mellema 1994) that the 
dynamical structure of the attached shells of 
PNe is driven by the expansion of the ioniza- 
tion front. Thus, the above facts would in- 
dicate that the majority of the isolated LISs 
are not produced by dynamical instabilities 
related to the action of the fast post-AGB 
wind. 

Five PNe in Table 5, however, possess 
high-velocity structures. This raises a prob- 
lem when trying to explain the formation of 
these LIS as above. Radiation instabilities 
can modify/exacerbate such structures, and 
the ionization process itself can increase the 
LIS velocity substantially (the "rocket effect" ; 
Mellema et al. 1998). So, these LISs might be 
structures previously formed that were later 
accelerated by the rocket effect. Again, while 
this might apply to some of the PNe in Table 5 
(NGC 3242 and NGC 2392 being the best 
cases), it is very unlikely that it can for in- 
stance explain the very high velocities (< 500 
km s _1 ) of the system of knots of MyCn 18 
(Bryce et al. 1997), which furthermore show 
the same linear increase of velocities with dis- 
tance as several jets discussed in Section 4.2. 

Other models proposed to explain the for- 
mation of non-symmetrical LISs invoke in 
situ instabilities caused by the interaction 
of the expanding AGB wind with a non- 
homogeneous medium. In fact, Dgani & 
Soker (1997, 1998) and Soker & Zucker (1997) 
discussed the interaction of the PN with the 
magnetized interstellar medium, showing that 
Rayleigh-Taylor and Kelvin-Hemholtz insta- 
bilities could fragment the outermost shell 
(the halo) producing holes, which in turn al- 
low the penetration of interstellar material 
into the internal regions of the nebula. They 
argue that such interstellar clumps would ap- 
pear as low-ionization knots, and if this is 



the case, we would expect velocities gener- 
ally smaller than that of the shell in which 
they are embedded. Thus, noting that only 
one of the PNe in Table 5 has isolated LISs 
with lower expansion velocities than the main 
nebula, interstellar clumps are not likely as 
an explanation for the formation of isolated 
structures. 

In summary, we find that in situ instabili- 
ties and/or fossil condensations due to an in- 
homogeneous AGB wind are the primary ori- 
gin of isolated LISs. Most of them are located 
in the outer shells of the PNe and therefore 
are not related to the action of the fast post- 
AGB wind, but to the dynamical and radia- 
tive evolution of the AGB slow wind. 

7. On PNe showing multiple pairs of 
LISs 

Several PNe in Table 1, namely IC 4634, 
Hb 4, NGC 6309, M 3-1, K 1-2, Wray 17-1, 
IC 2553, NGC 5189 and He 2-141, show pairs 
of LISs which appear to be roughly perpen- 
dicular to each other. Note that this property 
appears in all the classes of LISs discussed in 
this paper (jets, jet-like features and pairs of 
knots), adding another complex piece to the 
puzzle of the formation of these low-ionization 
components of PNe. 

One may argue that a combination of some 
of the models previously discussed could be at 
work. For instance, the formation of jets by 
accretion-disks (i.e. before the PN main bod- 
ies) may be followed by the ISW evolution, 
which in turn originate a pair of knots in the 
polar direction of the main shell, i.e. not nec- 
essarily in the direction of the jets. The sim- 
ulations of Blackman et al. (2000), on the 
interplay between MHD disk winds vs. MHD 
stellar winds, result in a different axis for the 
jet and the nebula, with sometimes very large 
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angles (up to 90 degrees) between the colli- 
mated systems, as observed in some real PNe. 
Unfortunately, neither the PNe mentioned at 
the beginning of this section have sufficiently 
good data, such as information on the depro- 
jected orientation of the various collimated 
structures, nor are the simulations by Black- 
man et al. (2000) sufficiently detailed to allow 
a formal comparison. The other possibility 
of an extreme precession of the main nebular 
axis or of the disk appears unlikely, as men- 
tioned in Section 4.2. 

8. Conclusions 

We have studied the 50 PNe presently 
known to contain low-ionization structures 
and compared their morphological and kine- 
matical properties with the predictions of cur- 
rent theoretical models. The main results of 
this study are the following. 

1 - Low-ionization structures are present 
indistinctly in all morphological classes of 
PNe, indicating that their formation is not 
necessarily connected with the processes re- 
sponsible for the asphericity of the main mor- 
phological components of PNe. 

2 - Only a few of the observed low-ionization 
jets could be formed by the HD and MHD in- 
teracting stellar winds (NGC 7009, NGC 6891 
and NGC 3918), the latter ones being fa- 
vored by the observed linear increase of the 
expansion velocity along the jets. Other jets 
(K 4-47, M 1-16 and Fg 1) can be better 
understood adopting accretion-disk jet mod- 
els. No model appears instead to be able to 
explain the jets younger than the main PN 
shells (Hb 4, NGC 6210 and NGC 6543), nor 
those with very large jet-nebula angles (Hb 4, 
NGC 6210 and NGC 6884). 

3 - A number of jet-like structures show ve- 



locities that are similar to those of the envi- 
ronment. We have studied five well observed 
nebulae containing this kind of LIS (IC 4593, 
He 2-429, NGC 6881, K 1-2 and Wray 17-1) 
and conclude that none of the existing models 
can account for them. 

4 - Symmetrical pairs of high-velocity knots 
could originate by HD or MHD interacting 
stellar winds and accretion-disk systems, or at 
the zones of stagnation of partially collimated 
winds. Since the related outward-facing bow 
shocks are generally not observed, their sur- 
faces might have been modified by HD insta- 
bilities. Pairs of low-velocity knots are in turn 
less well studied theoretically, and we suggest 
that some of them might have originated in 
the AGB wind, implying a very interesting 
AGB mass-loss geometry. 

5 - Isolated LISs may be formed by in situ 
instabilities as well as by fossil AGB mass 
loss inhomogeneities. Distinguishing between 
these processes is not an easy task; however, 
the position of most isolated LISs indicate 
that they are not related to dynamical insta- 
bilities due to the action of the fast post- AGB 
wind. 

Clearly, further modeling and observations 
are needed in order to reach a more com- 
plete understanding of the physical processes 
governing the formation of the various types 
of LISs. In this direction, one of the next 
steps will be to try a detailed comparison of 
the physico-chemical properties of LISs with 
those of the main nebular components, for a 
broad sample of PNe. 
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of DRG is supported by a grant from the 
Brazilian Agency FAPESP (98/7502-0) and 



12 



that of RLMC and AM from the Spanish 
grant DGES PB97-1435-C02-01. 

REFERENCES 

Balick, B. 1987, AJ, 94, 671 

Balick, B., Alexander, J., Hajian, A. R., 
Terzian, Y., Perinotto, M., & Patriarchi, 
P. 1998, AJ, 116, 360 

Balick, B., Perinotto, M., Maccioni, A., Alexan- 
der, Terzian, Y., & Hajian, A. R. 1994, 
ApJ, 424, 800 

Balick, B., Rugers, M., Terzian, Y., & Chen- 
galur, J. N. 1993, ApJ, 411, 778 

Blackman, E. G., Frank, A., & Welch, C. 
2000, ApJ, in press 

Breitschwerdt, D., & Kahn, F. D. 1990, MN- 
RAS, 244, 521 

Bryce. M., Lopez, J. A., Holloway, A. J., & 
Meaburn, J. 1997, ApJ, 487, L161 

Borkowski, K. J., Blondin, J. M., & Harring- 
ton, J. P. 1997, ApJ, 482, L97 

Chu, Y-H., Manchado, A., Jacoby, G. H., & 
Kwitter, K. B. 1991, ApJ, 376, 150 

Cliffe, J. A., Frank, A., & Livio, M., Jones, 
T. W. 1995, ApJ, 447, L49 

Corradi, R. M. L., Gongalves, D. R., Villaver, 
E., Mampaso, A., Perinotto, M., Schwarz, 
H. E., & Zanin, C. 2000a, ApJ, 535, 823 

Corradi, R. M. L., Gongalves, D. R., Villaver, 
E., Mampaso, A., & Perinotto, M. 2000b, 
ApJ in press 

Corradi, R. L. M., Guerrero, M., Manchado, 
A., & Mampaso, A. 1997, New Astronomy 
2, 461 

Corradi, R. M. L., Manso, R., Mampaso, A., 
& Schwarz, H. E. 1996, A&A, 313, 913 



Corradi, R. M. L., Perinotto, M., Villaver, E., 
Mampaso, A., & Gongalves, D. R. 1999, 
ApJ, 523, 721 

Corradi, R. M. L., & Schwarz, H. E. 1995, 
A&A, 293, 871 

Cox, P., Lucas, R., Huggins, P. J., Forveille, 
T., Bachiller, R., Guilloteau, S., Maillard, 
J. P., & Omont, A. 2000, A&A, 363, L25 

Cuesta, L., Phillips, JF. & Mampaso, A. 
1990, Ap&SS, 171, 163 

Cuesta, L., Phillips, JF. & Mampaso, A. 
1993, A&A, 267, 199 

Dgani, R., & Soker, N. 1997, ApJ, 484, 277 

Dgani, R., & Soker, N. 1998, ApJ, 495, 337 

Dwarkadas, V. V., & Balick, B. 1998, ApJ, 
497, 267 

Dyson, J. E., Hartquist, T. W., & Biro, S. 
1993, MNRAS, 261, 430 

Frank, A., Balick, B., & Livio, M. 1996, ApJ, 
471, L53 

Garcia-Segura, G. 1997, ApJ, 489, 189 

Garcia-Segura, G., & Franco, J. 1996, ApJ, 
469, 171 

Garcia-Segura, G., Langer, N., Rozyczka, M., 
& Franco, J. 1999, ApJ, 517, 767 

Gieseking, F., & Solf, J. 1986, A&A, 163, 174 

Gorny, S. K., Schwarz, H. E., Corradi, R. L. 
M., & van Winckel, H. 1999, A&AS, 136, 
145 

Guerrero, M. A., & Manchado, A. 1998, ApJ, 
508, 262 

Guerrero, M. A., Miranda, L.F., Manchado, 
A. & Vazquez, R., 2000, MNRAS, 313, 1 

Guerrero, M. A., Vazquez, R., & Lopez, J. A. 
1999, AJ, 117, 967 



13 



Hajian, A. R., Balick, B., Terzian, Y., & 
Perinotto, M. 1997, ApJ, 487, 313 

Harrington, J. P., & Borkowski, K. J. 2000, 
in "Asymmetrical Planetary Nebulae II: 
From Origins to Microstructures" , eds. J.H. 
Kastner, N. Soker, & S. Rappaport, ASP 
Conference Series, 199, p. 383 

Icke, V., Mellema, G., Balick, B., Eulderink, 
F. & Frank, A. 1992, Nature, 355, 524 

Jones, T. W., Kang, H., & Tregillis, I. L. 1994, 
ApJ, 432, 194 

Kwok, s. 1994, PASP, 106, 736 

Kwok, s., Purton, C. R., Fitzgerald, P.M. 
1978, ApJ, 219, L125 

Livio, M. 1997, in "Accretion Phenomena and 
Related Outflows", eds. D.T. Wichramas- 
inghe, G.V. Bicknell and L. Ferrario, ASP 
Conf. Series, 121, p. 845 

Livio, M. 2000, in "Asymmetrical Planetary 
Nebulae II: From Origins to Microstruc- 
tures", eds. J.H. Kastner, N. Soker, & S. 
Rappaport, ASP Conference Series, 199, p. 
243 

Livio, M. & Pringle, J. E. 1997, ApJ, 486, 835 

Lopez, J. A., Meaburn, J., Bryce, M., & Hol- 
loway, A.J. 1998, ApJ, 493, 803 

Lopez, J. A., Meaburn, J., Bryce, M., & 
Rodriguez, L.F. 1997, ApJ, 475, 705 

Lopez, J. A., Meaburn, J., & Palmer, J. W. 
1993, ApJ, 415, L35 

Lopez, J. A., Roth, M., & Tapia, M. 1993, 
A&A, 267, 194 

Lopez, J. A., Steffen, W., & Meaburn, J. 
1997, ApJ, 485, 697 

Lopez, J. A., Vazquez, R., & Rodriguez, L. 
F. 1995, ApJ, 455, L63 



Manchado, A., Guerrero, M. A., Stanghellini, 
L., & Serra-Ricart, M. 1996, The IAC Mor- 
phological Catalog of Northern Galactic 
PNe, IAC Publ. 

Marten, H., & Schonberner, D. 1991, A&A, 
248, 590 

Mastrodemos, N., Morris, M. 1998, ApJ, 407, 
303 

Mastrodemos, N., Morris, M. 1999, ApJ, 523, 
357 

Meaburn, J., Clayton, C.A., Bryce, M., Walsh, 
J. R., Holloway, A. J., & Steffen, W. 1998, 
MNRAS, 294, 201 

Mellema, G. 1994, A&A, 290, 915 

Mellema, G. 1995, MNRAS, 277, 173 

Mellema, G., & Frank, A. 1997, MNRAS, 292, 
795 

Mellema, G., Raga, A. C, Canto, J., Lundqvist, 
P., Balick, B., Steffen, W., & Noriega- 
Crespo, A. 1998, A&A, 331, 335 

Miranda, L. F. 1995, A&A, 304, 531 

Miranda, L. F, Guerrero, M. A., & Torrelles, 
J. M. 1999, AJ, 117, 1421 

Miranda, L. F, & Solf, J. 1990, Ap&SS, 171, 
227 

Miranda, L. F, & Solf, J. 1992, A&A, 260, 
397 

Miranda, L. F, Torrelles, J. M., Guerrero, M. 
A., Aaquist, O. B., & Eiroa, C. 1998, MN- 
RAS, 298, 243 

Miranda, L. F, Vazquez, R., Corradi, R. L. 
M., Guerrero, M. A., Lopez, J. A., & Tor- 
relles, J. M. 1999, ApJ, 520, 714 

Morris, M. 1987, PASP, 99, 1115 

O'Connor, J. A., Meaburn J., Lopez, J. A., & 
Redman, M. P. 1999, A&A, 346, 237 



14 



O'Connor, J. A., Redman, M. P., Holloway, 
A. J., Bryce, M., Lopez, J. A., & Meaburn 
J. 2000, ApJ, 531, 336 

O'Dell, C. R., & Burkert, A. 1997, IAU 180, 
332 

O'Dell, C. R., Weiner, & Chu, Y-H. 1990, 
ApJ, 362, 226 

Palmer, J. W., Lopez, J. A., Meaburn, J., & 
Lloyd H. M. 1996, A&A, 307, 225 

Phillips, J. P., & Cuesta, L. 1996, AJ, 111, 
1227 

Phillips, J. P., & Cuesta, L. 1999, AJ, 118, 
291 

Phillips, J. P., & Reay, N. K. 1983, A&A, 117, 
33 

Reay, N. K., & Atherton, D. P. 1985, MN- 
RAS, 215, 233 

Reay, N. K., Atherton, P.D., & Taylor, K. 
1984, MNRAS, 206, 71 

Redman, M. P., & Dyson, J. E. 1999, MN- 
RAS, 302, L17 

Reyes-Ruiz, M., & Lopez, J. A. 1999, ApJ, 
524, 952 

Rozyczka, M., & Franco, J. 1996, ApJ, 469, 
L127 

Sahai, R., Bujarrabal, V., Castro- Carrizo, A., 
Zijlstra, A. 2000, A&A in press 

Schwarz, H. E. 1992, A&A, 264, LI 

Schwarz, H. E. 1993, in "Second ESO/CTIO 
Workshop on Mass loss on the AGB and 
beyond", ESO Conference and Workshop 
Proceedings, edited by Schwarz, H.E, No. 
46, p. 223 

Schwarz, H. E. 2000, in "Asymmetrical Plan- 
etary Nebulae II: From Origins to Mi- 
crostructures" , eds. J.H. Kastner, N. Soker, 



& S. Rappaport, ASP Conference Series, 
199, p. 457 

Schwarz, H. E., Corradi, R. M. L., & Melnick, 
J. 1992, A&AS, 96, 23 

Schwarz, H. E., Corradi, R. M. L., & Stanghellini, 
L. 1993, in IAU Symp 155, Planetary Neb- 
ulae, eds. R. Weinberger & A. Acker (Dor- 
drecht: Kluwer), 214 

Soker, N. 1990, AJ, 99, 1869 

Soker, N. 1992, ApJ, 389, 628 

Soker, N. 1996, ApJ, 468, 774 

Soker, N., & Livio, M. 1994, ApJ, 421, 219 

Soker, N., & Reveg, O. 1998, AJ, 116, 2462 

Soker, N., & Zucker, D. B. 1997, MNRAS, 
289, 665 

Steffen, W., & Lopez, J. A. 1998, ApJ, 508, 
696 

Steffen, W., & Lopez, J. A. 2000, in "Asym- 
metrical Planetary Nebulae II: From Ori- 
gins to Microstructures" , eds. J.H. Kast- 
ner, N. Soker, & S. Rappaport, ASP Con- 
ference Series, 199, p. 413 

Van Winckel, H., Waelkens, C, Fernie, J. D., 
& Waters, L. B. F. M. 1999, A&A, 343, 
202 

Vazquez, R., Kingsburgh, R. L., & Lopez, 
J. A. 1998, MNRAS, 296, 564 



This 2-column preprint was prepared with the AAS 
IATeX macros v4.0. 



15 



Table 1 
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several knots 


44, 45 


He 2-434 


320.3 


-28.8 


E 


1 pair of knots 


2 


He 2-141 


325.0 


-04.1 


I 


2 pairs of knots 


2 


NGC 5882 


327.8 


+ 10.0 


E 


3 knots 


39 


He 2-186 


336.0 


-05.1 


P 


1 pair of jets 


2, 30 


NGC 6326 


338.2 


-08.3 


E 


several filaments 


2 


IC 4637 


345.4 


+00.1 


E 


2 knots 


2 


NGC 6337 


349.3 


-01.1 


E 


several filaments 


2, 30 



X E= ellipticals; B= bipolars or quadrupolars; 1= irregulars; and P= point-symmetric PNe. 

2 1= Schwarz 1993; 2= Corradi et al. 1996; 3= Hajian et al. 1997; 4= Lopez, Steffen & Meaburn 
1997 ; 5= Corradi et al. 1997; 6= O'Connor et al. 1999; 7= Gieseking & Solf 1986; 8= Chu et al. 
1991; 9= Guerrero, Vazquez & Lopez 1999; 10= O'Dell & Burkert 1997; 11= Meaburn et al. 1998; 
12= Miranda et al. 1999; 13= Reay & Atherton= 1985; 14= Balick et al. 1994; 15= Balick et al. 
1998; 16= Phillips & Cuesta 1996; 17= Miranda 1995; 18= Guerrero et al. 2000; 19= Miranda 
et al. 1998; 20= Cuesta, Phillips & Mampaso 1990; 21= Cuesta, Phillips & Mampaso 1993; 22= 
Guerrero & Manchado 1998; 23= Miranda, Guerrero & Torrelles 1999; 24= Phillips & Reay 1983; 
25= Miranda & Solf 1992; 26= Balick et al. 1993; 27= Lopez, Vazquez & Rodriguez 1995; 28= 
Lopez et al. 1997; 29= Vazquez, Kingsburgh & Lopez 1998; 30= Corradi et al. 2000a; 31= Balick 
1987; 32= Miranda & Solf 1990; 33= O'Dell, Weiner & Chu 1990; 34= Phillips & Cuesta 1999; 
35= Schwarz 1992; 36= Corradi & Schwarz 1993; 37= Lopez et al. 1998; 38= Corradi et al. 1999; 
39= Corradi et al. 2000b; 40= Lopez, Roth & Tapia 1993; 41= Lopez, Meaburn & Palmer 1993; 
42= Palmer et al. 1996; 43= Reay, Atherton & Taylor 1984; 44= Bryce et al. 1997; 45= O'Connor 
et al. 2000. 

Note that IC 4673 and IC 1297, originally present in the list of LISs of Corradi et al. (1996), 
are not included in the table since recent spectra taken by us removed the original suggestion that 
they contain low-ionization microstructures. In particular, the bright knot found by Corradi et al. 
(1996) inside IC 1297 turned out to be field star. 
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Table 2 

Planetary nebulae with low-ionization jets 



Object 


Confidence 1 


Kinematical ages 2 


Orientation 3 


Location' 


IC 4634 


L 






outside 


Hb 4 


H 


younger 


90° 


outside 


NGC 7009 


L 


coeval 


30° 


outside 


NGC 6210 


L 


younger 


90° 


outside 


NGC 6891 


H 


coeval 


0° 


outside 


NGC 6884 


L 


coeval 


50°* 


outside 


NGC 6543 


H 


younger 


20°* 


outside 


K 4-47 


H 


older 




outside 


M 1-16 


L 


older 




outside 


Fgl 


H 


older 


40°* 


outside 


NGC 3918 


H 


coeval 


0° 


outside 


He 2-186 


H 






outside 



1 H stands for high and L for low confidence. 

2 Kinematical ages are quoted with respect to the main shell ones. 

3 The approximate angle of the jet with respect to the major axis of 
the main shell, from polar (0°) to equatorial (90°) jet orientations. '-' 
is used for the PNe without such a information. '*' indicates that the 
quoted angle is for the jet precessing axis. 

4 The apparent location of the tip of the jet with respect to the rim, 
or to the barely resolved core emission in the case of K 4-47. 
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Table 3 

Planetary nebulae with jet-like structures 



PN name 


Confidence 1 


Kinematical data 2 


Orientation 3 


Location 4 


NGC 6309 


L 


no 




outside 


IC 4593 a 


H 


yes 




outside 


NGC 6751 


L 


yes 




outside 


He 2-429 


H 


yes 


0° 


outside 


NGC 6881 


H 


yes 


40°* 


outside 


NGC 7354 


L 


no 




outside 


M 3-1 


L 


no 




outside 


K 1-2 


H 


yes 




inside 


Wray 17-1 


H 


yes 




inside 



x As in Table 2. 

2 Some of the PNe classified as jet-like LISs do not have kinematical 
studies for the LISs (those quoted with 'no'). The others are real low- 
velocity systems highly collimated. 

3 As in Table 2, but for the jet-like axis. 
4 As in Table 2, but for the jet-like LISs. 

a Harrington & Borkowsky (2000) claim that this highly collimated 
LIS is a real jet, based on i/ST imaging. Corradi et al. (1997), however, 
argued that it is unlikely that the very low radial velocities observed 
in the LIS are just a projection effect. 
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Table 4 

Planetary nebulae with pairs of low-ionization knots 



PN name 


Confidence 1 


Peculiar velocities 2 


Orientation 3 


Location 


IC 4634 


L 


- 


- 


outside 


Cn 1-5 


L 


- 


- 


outside 


Hb 4 


L 


- 


- 


inside 


NGC 6309 


L 


- 


- 


inside 


IC 4593 


H 


no 


- 


outside 


PC 19 


H 


high 


- 


outside 


NGC 6572 


H 


high/ low 


- 


outside 


NGC 7009 


H 


high 


polar 


outside 


Hu 2-1 


H 


high 


polar 


outside 


He 1-1 


L 


no 


- 


outside 


K 3-35 


H 


- 


- 


inside 


NGC 6905 


L 


high 


polar 


outside 


NGC 6881 


H 


- 


- 


outside 


NGC 6884 


L 


high 




outside 


JNGC 6826 


T 

L 


nigh 


polar 


outside 


NGC 7662 


H 


high/ low 




outside 


Kj Pn 8 


H 


high 


polar 


outside 


NGC 2438 


L 






inside 


NGC 2440 


H 


no 


polar 


outside 


M 3-1 


L 






outside 


K 1-2 


L 






outside 


Wray 17-1 


H 


low/no 




inside 


IC 2553 


H 


no 




outside 


NGC 5189 


L 


low/no 




inside 


He 2-434 


L 






outside 


He 2-141 


L 






inside 



1 As for Table 2. 

2 High (low) corresponds to peculiar velocities higher (lower) than 
the environment, 'no' stands for the cases in which velocities of LIS 
do not differ from the ambient velocity, and '-' for the PNe without 
kinematical data for the LIS. Some PNe have more than one pair of 
knots with available kinematical data. In these case we use 'high/low' 
and 'low/no' indicating the kinematical status of two pairs of low- 
ionization knots. 

3 As for Table 2, but for at least^igne of the pairs of knots. 
4 As for Table 2. 



Table 5 

Planetary nebulae with isolated low-ionization 

structures 



PN name 


Confidence 1 


Peculiar velocities 2 


Location 3 


NGC 6369 


L 




outside 


IC 4593 


H 


no 


outside 


NGC 6818 


L 




outside 


NGC 7293 


H 


low/high* 


inside 


Hu 2-1 


L 


no 


outside 


NGC 7662 


H 


no 


outside 


NGC 7354 


L 




outside 


IC 2149 


L 


high 




J 320 


L 




outside 


NGC 2392 


H 


high 


outside 


NGC 2452 


L 




outside 


NGC 3242 


H 


high 


outside 


MyCn 18 


H 


high 


outside 


NGC 5882 


H 


no 


outside 


NGC 6326 


L 




inside 


IC 4637 


L 




outside 


NGC 6337 


H 


no 


inside 



x As in Table 2. 

2 As in Table 4, but for isolated LISs. 
3 As in Table 2. 
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